Topology predictions for integral membrane proteins can be substantially improved if parts of the protein can be constrained to a given in/out location relative to the membrane using experimental data or other information. Here, we have identified a set of 367 domains in the SMART database that, when found in soluble proteins, have compartment-specific localization of a kind relevant for membrane protein topology prediction. Using these domains as prediction constraints, we are able to provide high-quality topology models for 11% of the membrane proteins extracted from 38 eukaryotic genomes. Two-thirds of these proteins are single spanning, a group of proteins for which current topology prediction methods perform particularly poorly.
(i.e., domains with one or more membrane spanning regions) rarely occur, covalent combinations between soluble domains and transmembrane domains are observed frequently (Liu et al. 2004 ). Moreover, domains are often compartment-specific, and information about domain occurrence can be used to predict the subcellular localization of soluble proteins (Mott et al. 2002) .
Here, we explore the possibility that the presence of compartment-specific extra-membranous protein domains in transmembrane protein sequences might be used as a constraint in a subsequent topology prediction step, in much the same way that experimentally determined ''anchor points'' have been used to constrain topology predictions (Kim et al. 2003; Rapp et al. 2004; Daley et al. 2005) . Unconstrained topology predictions are correct for only $55%-60% of all membrane proteins , while, as shown below, compartment-specific domains that are always located on just one side of a membrane (facing, e.g., the extracellular space or the cytosol) can be identified with high reliability. If such a domain is found in a membrane protein, that particular segment in the protein sequence can be fixed to the corresponding side of the membrane before applying a sequence-based topology prediction algorithm on the rest of the sequence. Here, we show that domains of this kind are found in at least 11% of many eukaryotic proteomes, and that a significant improvement in topology prediction can be achieved by using these domains as prediction constraints.
Results
Our basic approach consists of three steps: Domain selection. Identify compartment-specific domains that always reside on either the inside or outside of the membrane. Each domain is represented by a profile Hidden Markov Model (HMM). Domain assignment. For each query sequence, try to find one or more of the domains identified in the first step and fix those residues to the corresponding side of the membrane. Topology prediction. Use a sequence-based method to predict the topology of the remaining part of the protein sequence, with the domain(s) found in the previous step constrained to either the inside or outside of the membrane.
Domain selection
SMART (Letunic et al. 2004 ) is a database of wellannotated protein domains, represented as profileHMMs, and is divided into four main categories: extracellular, nuclear, signaling, and others. In general, we considered domains annotated in SMART 4.0 as ''extracellular'' to reside outside of the membrane (i.e., on the noncytoplasmic side), and domains annotated as ''signaling'' to reside on the inside of the membrane (i.e., on the cytoplasmic side). This assumption is, for the most part, correct, and in agreement with, e.g., Mott et al. (2002) . However, we made one general exception to this rule. All domains were assigned to the 78,371 putative membrane protein sequences (see below), and the domain hits were compared to the topologies predicted by PRO-TMHMM (Viklund and Elofsson 2004) , which uses the TMHMM 2.0 architecture (Krogh et al. 2001) . If a domain was found to contain one or more predicted transmembrane helices, it was removed from the domain collection. Only four out of 372 domains were discarded this way.
Estimation of error frequency of domain assignments
In order to assess the validity of our domain selection method, the domains were assigned to 297 homology reduced sequences of membrane proteins with experimentally known topologies. This resulted in 48 domain hits, contained in 29 (10%) of the sequences. Out of all domain hits, 47 (98%) were in agreement with the topology. One domain (TarH) was in conflict with a known topology, and was thus removed from the domain collection. Although the test set is small, we consider our domain collection as highly reliable.
The final domain list used for placing constraints on the topology predictions consisted of 367 domains, of which 146 were ''IN-domains'' (i.e., appear only on the cytoplasmic side of the membrane), and 221 were ''OUT-domains'' (i.e., appear only on the noncytoplasmic side of the membrane) (see Supplemental Material S1).
Unconstrained topology predictions
A total of 553,974 protein sequences from 38 eukaryotic genomes (Supplemental Material S2) was downloaded from the SUPERFAMILY Web site (Gough et al. 2001) . In an initial topology prediction step, 24% of the sequences were predicted by TMHMM to be membrane proteins, which is in agreement with earlier estimates (Krogh et al. 2001) . After a second topology prediction step using PRO-TMHMM (Viklund and Elofsson 2004) and homology reduction (see Materials and Methods), 78,371 putative membrane protein sequences remained for further analysis. These sequences, together with their predicted topologies, are available as Supplemental Material S3 both for the full and homology-reduced data sets.
Constrained topology predictions
The IN/OUT location for the final list of 367 domains was used as constraint for the topology prediction; in other words, we considered the domain assignments to be entirely correct. Of all 78,371 predicted membrane proteins, 8703 (11%) contained one or more of the 367 domains, which is consistent with the fraction of membrane proteins with known topology that contain at least one of the domains (10%; see above). Of these domain hits, 4126 (34%) were in conflict with the unconstrained topology predictions, which is much higher than the same figure for proteins with known topology (Table 1) . This discrepancy is not surprising, since we are now dealing with topology predictions as opposed to known topologies, but rather suggests that in those cases where the domain assignments and topology prediction are in conflict, the latter is most likely incorrect. In fact, the fraction of conflicting domain hits is consistent with earlier reported error frequencies of TMHMM topology predictions (Krogh et al. 2001) , further supporting this idea.
All proteins with at least one domain hit then had their topologies repredicted, but now with the assigned part(s) of the sequence constrained to the corresponding side of the membrane (see Supplemental Material S3).
Domains are more frequent in single-spanning membrane proteins
Based on the constrained predictions, the topologies of the 8703 proteins containing at least one domain were analyzed. Sixty-six percent were single-spanning proteins ( Fig. 1 ), compared to just 37% in the complete set of predicted membrane proteins, suggesting that our method will have particular impact on single-spanning proteins. Single-spanning proteins are often mispredicted by the current topology prediction methods, mostly due to an inversion of the predicted topology such that the TM-segment is correctly located but the overall orientation is wrong. Large extra-membranous domains carry little or no orientational information in the current predictors, and our domain-based method thus solves a major weakness in these methods.
Frequency of single domains and domain pairs
For each of the domains, the total number of hits in the 8703 predicted membrane protein sequences was recorded. The large majority of the domains were only found a few times, whereas a few domains were much more prevalent; for instance, the top 15 domains in terms of number of hits represent 44% of the total number of domain hits (Table 2) .
Kinase domains, which are common in various types of membrane bound receptors, are the most prevalent in our data set. This is reflected in their relative ubiquity in single spanning proteins, a property that is shared by most of the domains in Table 2 . As an example, the t_SNARE domain is almost exclusively found in singlespanning proteins, which is consistent with experimental data suggesting that most SNAREs have a single For membrane proteins with predicted topology, the fraction of topology-conflicting domain hits is consistent with earlier reported error frequencies of TMHMM (Krogh et al. 2001) . The percentage of domain hits in single-spanning proteins, as determined by the constrained predictions, is also indicated.
TM-helix at their C-terminal end (Ungar and Hughson 2003) . In contrast, the number of TM-helices in proteins containing the GPS-domain found in certain G-proteincoupled receptors (GPCRs) peaks at seven (Fig. 2) , which conforms with the 7TM-helix topology characteristic of GPCRs. In this case, the main difference between the unconstrained and constrained predictions is that, for a number of proteins, the topology prediction changes from six TM-helices to seven. It is notable that the SignalP program (Dyrløv-Bendtsen et al. 2004 ) predicts the presence of a cleavable, N-terminal signal peptide overlapping the most N-terminal predicted TM-helix in 47% of the GPCRs with eight predicted TM-helices but only in 1% of those with seven predicted TM-helices. Cleavable signal peptides are often mistakenly predicted as TM-helices by TMHMM (Krogh et al. 2001; Ka¨ll et al. 2004) , and are frequently found in GPCRs with large N-terminal domains, but not in those with shorter N-terminal tails (Wallin and von Heijne 1995) . Although the GPS domain occurs mainly in the 7TM latrophilin family, it is also found in certain other cell surface receptors such as polycystin-1 (Ponting et al. 1999 ) that do not share the common 7TM topology of most GPCRs, explaining why a few proteins in Figure 2 do not have a 7TM or 8TM topology.
Multidomain proteins
The majority of the 8703 proteins had only one domain hit, but in 2013 (23%) of the cases, more than one domain was found. The 15 most common pair combinations of domains are listed in Table 3 . Immunoglobulin domains, which are found in, e.g., antibodies, often appeared together in our data set. The FN3/TyrKc, IG/TyrKc, and Igc2/TyrKc domain pairs mainly represent receptor tyrosine kinases, which constitute a major class of cell surface receptors. In 580 cases, domains were present on both sides of the membrane, i.e., at least one IN-domain and at least one OUTdomain were found in the same protein sequence. Interestingly, these proteins are similar in their IN/OUT combination of domains (Fig. 3) . Denoting an OUTdomain by ''o,'' an IN-domain by ''i,'' and a TM-helix by ''j,'' the two most prevalent IN/OUT combinations are joji and oji (counting from N-to-C terminus), followed by jooji and ooji. In 99% of the cases, the domain closest to the N terminus is an OUT-domain, and the one closest to the C terminus is an IN-domain. Only combinations of different domain types were considered. Figure 2 . Distribution of the number of predicted TM-helices for proteins containing the GPS-domain, which is found in GPCRs. Fixation of the GPS-domain to the outside of the membrane mainly resulted in a change in topology prediction for a number of proteins from a 6TM-topology to the 7TM-topology characteristic of GPCRs.
Many of the proteins with joji and jooji IN/OUT combinations might, in fact, be type Ia single-spanning proteins with an N-terminal signal peptide (see above). If that is the case here, the majority of proteins with domains on both sides of the membrane in reality belong to the oji and ooji IN/OUT combinations, i.e., they are single-spanning membrane proteins of type Ia. Since type II proteins, i.e., single-spanning with a cytoplasmic N terminus, often have the TM stretch close to the N terminus, it is not surprising that we find very few ijo proteins. Nevertheless, the bias in favor of type Ia proteins provides further evidence that an IN/OUT assignment of certain domains is indeed valid.
To be certain that the trend observed was not just an artifact of the domain composition, such that the proteins with domains on both sides of the membrane were, e.g., closely related, we looked further into which domains were present in those proteins. No such artifacts were found; for instance, 58 different domain types are represented in the IN/OUT combinations in Figure 3 , and no domain represents >17% of the total number of domain hits.
Discussion
It has been shown previously that membrane protein topology predictions can be considerably improved if one or the more residues or segments in a protein can be constrained to lie on one or the other side of the membrane prior to running the predictor . Such information can be obtained experimentally on a proteome-wide scale (Daley et al. 2005) ; here, we show that certain extramembranous protein domains from the SMART database (Letunic et al. 2004 ) can also be used as prediction constraints.
In a large collection of 78,371 redundancy-reduced proteins from fully sequenced eukaryotic genomes, 11% contain domains that, when found in soluble proteins, have compartment-specific localization. At least twothirds of these 8703 proteins are single-spanning, and overall, we can correct the unconstrained topology prediction for 34% of the 8703 domain-containing proteins.
Although the coverage of compartment-specific domain hits is limited, this figure will increase as more domains are characterized and included in the SMART database. In fact, domains from the Pfam database (Bateman et al. 2004) were found in >90% of the 297 known membrane proteins analyzed here (data not shown), although the predictive value of those domains remains to be investigated. Although in this paper we have focused only on soluble domains that are devoid of TM-helices, a possible further use of domain information in topology prediction is to attempt to define conserved partial topologies (Nilsson et al. 2002) for protein domains that contain one or more TM-helix and use these as constraints in a subsequent topology prediction step.
In conclusion, domain-based topology constraints provides a solution to a major weakness in current topology prediction schemes, which in general, gain little information from large extramembranous domains.
Materials and methods

Unconstrained topology predictions
In order to extract integral membrane protein (IMP) sequences from the complete set of 553,974 eukaryotic protein sequences in our initial collection, the TMHMM predictor (Krogh et al. 2001 ) was used and yielded 132,631 sequences with at least one predicted TM-region. As a refinement step, a more computationally demanding topology prediction algorithm employing sequence profiles, PRO-TMHMM (Viklund and Elofsson 2004) , was applied to the TMHMM set, generating 100,603 sequences which could more certainly be classified as membrane proteins, i.e., as having at least one TM-region. Finally, to filter out duplicates and close homologs, the sequences were homology-reduced at 90% threshold using the CD-HIT algorithm (Li et al. 2002) (word-size 5) , which left us with 78,371 putative IMP sequences lacking any close internal homology, together with their predicted topologies. All topology predictions were performed using the modhmm topology prediction package (Viklund and Elofsson 2004) .
Membrane proteins with experimentally known topology were used to test the accuracy of the domain assignment method. Sequences and topologies from three different sources, Mptopo (Jayasinghe et al. 2001) , TMpdb (Ikeda et al. 2003) , and the Mo¨ller database (Mo¨ller et al. 2000) , were combined, and homology reduced at 40% threshold using the CD-HIT algorithm (Li et al. 2002 ) (word-size 2). This produced 297 nonredundant membrane protein sequences with experimentally known topologies.
Domain selection
All predicted membrane protein sequences were searched for SMART 4.0 domains (Letunic et al. 2004 ) annotated www.proteinscience.org 1727 Domain assignments improve topology predictions as ''extracellular'' or ''signaling,'' using an E-value cutoff of 10 À6 . In order to avoid artifacts arising from domain repeats, only the most significant domain hit for each sequence was retained. Conflicting domain assignments were resolved so that the assignment with the lowest E-value was regarded first, and then any nonconflicting assignments were added in order of increasing E-values. For each domain, the predicted partial topologies (i.e., the topology within the region of the domain hit) of all proteins assigned with this domain were examined, and the total fraction of residues predicted as containing a predicted TM-region was calculated. If this fraction was above 10%, the domain was considered to actually contain TM-regions, and was removed from the domain collection.
As a test of the accuracy of our method, the remaining domains were searched for in the 297 membrane proteins with known topologies. Out of 48 domain hits, one hit was in conflict with the experimentally known topology, and this domain (TarH) was removed from the domain collection.
Constrained topology predictions
All proteins with at least one domain hit had their topologies repredicted using the PRO-TMHMM prediction algorithm (Viklund and Elofsson 2004) , with the domain region fixed to the corresponding side of the membrane. The IN/ OUT-fixation of a certain residue is achieved by setting the corresponding state probability in the HMM equal to 1.0, and is straightforward using the modhmm package (Viklund and Elofsson 2004) . As a precaution not to interfere with any TM-regions, since the positions of both the predicted domain and any predicted TM-helices might be somewhat imprecise, only the core part (i.e., the middle 50%) of the domain assignment was fixed. Conflicting domain assignments were resolved as described above.
SignalP predictions
Predictions were performed using SignalP-HMM for the 70 most N-terminal residues of the sequence. If the probability for a signal peptide exceeded 0.5, and if there was an overlap of at least 10 residues between the signal peptide and the most N-terminal predicted TM-helix, this was taken as an indication that an actual signal peptide might have been mistaken for a TM-helix by TMHMM.
Electronic supplemental material S1 is a list of SMART domains fixed to an IN/OUT position relative to the membrane. S2 is a list of the 38 eukaryotic species analyzed. S3 contains sequences and predicted topologies for the 78,371 putative eukaryotic membrane proteins analyzed. A redundant version, including all 100,603 nonhomology reduced sequences and predicted topologies, is also included.
